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successful electrotransformation of Frankia alni ACN14a, by means of replicating 21 plasmids expressing chloramphenicol-resistance for selection, and the use of GFP as a 22 marker of gene expression. We have identified type IV methyl-directed restriction 23 systems, highly-expressed in a range of actinobacteria, as a likely barrier to Frankia 24 transformation and circumvented this barrier by using unmethylated plasmids, which 25 allowed the transformation of F. alni as well as the maintenance of the plasmid. During 26 nitrogen limitation, Frankia differentiates into two cell types: the vegetative hyphae and 27 nitrogen-fixing vesicles. When the plasmid transformation system was used with 28 expression of egfp under the control of the nif gene cluster promoter, it was possible to 29 demonstrate by fluorescence imaging the expression of nitrogen fixation in vesicles but 30 not hyphae in nitrogen-limited culture. 31
Introduction 44
Bacteria in the genus Frankia form nitrogen-fixing root nodule symbioses with a 45 group of host plants, the actinorhizal plants. The actinorhizal plants are evolutionarily 46 closely related to the legumes within the Nitrogen-fixing Clade (NFC; Soltis et al., 1995) . 47 enabled a wider-range of experiments including the tracking of microsymbionts during 90 the host infection process (Gage, 2002) and the identification of regulatory networks 91 involved in symbiotic interactions (Spaepen et al., 2009 ). However, to date, there has 92 been no stable genetic transformation system for Frankia (Kucho et al., 2009 ). As 93 reported here, a transformation system in Frankia will thus enable functional inquiries 94 into the diverse mechanisms involved in establishing root-nodule symbiosis and 95 maintaining biological nitrogen fixation in actinorhizal symbioses. These inquiries will, 96 in turn, contribute to a wider understanding of the origins of root nodule symbioses and 97 mechanisms of Frankia and rhizobia interaction with hosts in the NFC. 98
Frankia has several barriers to transformation. Actinobacteria in general have low 99 rates of homologous recombination due to competition between their homologous 100 recombination pathway and a Non-Homologous End-Joining pathway (Zhang et al., 6 et al., 1999) , potentially due to the presence of Type IV methyl-directed restriction 113 enzymes. In the majority of bacterial taxa, DNA is methylated during replication by the 114 methyltransferase Dam to mark parent strands for DNA repair and excision of 115 misincorporated bases from the daughter strand (Sanchez-Romero et al., 2015) . The 116 majority of actinobacteria, however, lack dam homologs (Sanchez-Romero et al., 2015) 117
and an investigation of genomes of Streptomyces, Rhodococcus, and Micromonospora 118 spp. found that these genomes were not methylated in the canonical Dam pattern 119 (Novella et al., 1996) . While actinobacteria have recently been shown to have a unique 120 mismatch repair pathway (Castaneda-Garcia et al., 2017) it is not yet known how this 121 pathway utilizes methylation, if at all. 122
In this study we report successful genetic transformation of Frankia alni ACN14a 123 by using an unmethylated plasmid to circumvent methylation-targeting restriction 124 enzymes encoded in the ACN14a genome. This permitted the maintenance of plasmids 125 derived from one with a very broad host-range origin of replication (Kurenbach et al., 126 culture (Alloisio et al., 2010), we found that three restriction enzyme genes were highly 135 expressed: one type I enzyme (FRAAL4992, 92 nd percentile), one type II enzyme 136 (FRAAL0249, 91 st percentile) and one type IV enzyme (FRAAL3325, 85 th percentile) 137
( Figure 1 ). The type IV enzyme was annotated in REBASE as a "Type IV Methyl-138 directed restriction enzyme" of the Mrr methyladenine-targeting family. Other Frankia 139 genomes contained likely homologs of this type IV enzyme as well. The genome of 140
Frankia casuarinae CcI3 contained five type IV enzymes, the most of any Frankia 141 genome examined ( Figure 1 ). In the Frankia sp. CcI3 transcriptome, type IV Mrr 142 enzymes were very highly expressed, up to the 96 th percentile. One of the five enzymes in 143 CcI3 (Francci3_2839) was annotated as a Mcr type IV enzyme, which targets 5-144 methylcytosine instead (REBASE) and its expression was very low, in only the 18 th 145 percentile of genes in the transcriptome. Of the complete genomes examined, only 146
Candidatus Frankia datiscae Dg1 did not contain any putative type IV restriction genes. 147
A symbiotic transcriptome of F. alni ACN14a from root nodules is available in 148 addition to transcriptomes of free-living culture (Alloisio et al., 2010) . In symbiosis with 149
Alnus glutinosa the mrr homolog was down-regulated relative to the rest of the 150 transcriptome, from the 85 th percentile in culture to an expression level at maximum no 151 higher than 12 percent of transcriptome genes, while the other restriction enzymes 152 identified in the F. alni genome were not down-regulated in symbiosis ( Figure 1 ). In the 153 other Frankia sp. with a symbiotic transcriptome available, the uncultured cluster II 154 species Frankia sp. Dg1 (Persson et al., 2015) , expression of its two restriction enzymes, 155 neither of which was a Type IV enzyme, occurred at very low levels ( Figure 1 ).
Of the actinobacteria outside of genus Frankia with published transcriptomes in 157 pure culture, Mycobacterium smegmatis, Streptomyces avermitilis, and Rhodococcus 158 jostii also highly expressed type IV restriction enzyme genes, in the upper-70 th 159 percentiles of their respective transcriptomes ( Figure 2 ). In comparison, the 160 transcriptomes of proteobacteria and firmicutes examined expressed their corresponding 161 mrr genes around the 50 th or 60 th percentiles. One notable exception was the 162 actinobacterium Mycobacterium tuberculosis, which expressed its single gene for a 163 methyladenine-directed restriction enzyme (Mrr) at extremely low levels, around the 6 th 164 percentile in culture. 165
Genetic Transformation of Frankia alni ACN14a with an Unmethylated Replicating 166
Plasmid 167
After electroporation F. alni cells formed visible hyphae in culture after 168 approximately ten days (data not shown). When sub-cultured into chloramphenicol-169 selective media F. alni cultures transformed with unmethylated plasmid pSA3 were able 170 to grow, whereas those transformed with methylated plasmid were not. When imaged 171 under 488nm wavelength of excitation in the confocal microscope, green fluorescence 172 typical of GFP was observed in hyphae as shown in Figure 3 
Stability of Plasmid pIGSAF in F. alni ACN14a in the Absence of Selection 192
In cultures grown without chloramphenicol selection, qPCR analysis did not find 193 a significant difference in the amount of plasmid relative to genomic DNA after one, two, 194 or three rounds of sub-culturing ( Figure 5 ). Only after the fourth round of sub-culturing 195 was a significant decrease from the initial plasmid concentration detected by qPCR 196 ( Figure 5 ), however, fluorescence throughout the hyphae was still observed even after
Genetic Transformation of Frankia alni ACN14a with an Unmethylated Replicating 200
Plasmid 201
We have shown that F. alni can be stably transformed with an unmethylated 202 plasmid introduced by electroporation. A homolog of an Mrr Type IV methyladenine-203 targeting restriction enzyme was highly expressed in F. alni in culture ( Figure 1) , 204
suggesting that DNA with methylated adenine bases would be degraded in this organism. 205
Actinobacteria, especially Frankia, expressed Type IV methyl-directed restriction 206 enzyme genes more highly than proteobacteria and firmicutes ( Figure 2 ), a finding that 207 correlates with previous reports of higher transformation efficiencies with unmethylated 208 plasmids in Corynebacterium (Ankri et al., 1996) and Streptomyces spp. (Molle et al., 209 1999) . Genomes of the majority of actinobacteria are missing homologs of the dam 210 methyltransferase gene (Sachez-Romero et al., 2015) whose product is used to mark 211 parent DNA strands during replication, and also are missing mutS and mutL that form a 212 complex for the removal and repair of mismatched bases on the daughter strand 213 determined by the methylation of adenine residues (Sachadyn, 2010) . Together, these 214 factors suggest a difference in preference for unmethylated over methylated DNA among 215 most of the actinobacteria relative to other bacterial phyla. 216
Type IV restriction enzymes have been suggested to have evolved as a counter to 217 phage methylation systems that themselves evolved to evade host restriction systems by 218 methylating restriction sites (Westra et al., 2012) . Phage genomes adopt the methylation 219 patterns of their previous host (Loenen and Raleigh, 2014) thus increasing the likelihood 220 of digestion by actinobacterial enzymes if replicated in a dam+ host. The expression of 221 type IV restriction enzymes in actinobacteria therefore could represent an adaptation to prevent infection by DNA phages based on the methylation state of their genomes. 223
Differences in methylation patterns between actinobacteria and other bacterial phyla 224 (Novella et al., 1996) potentially constitute a barrier to horizontal gene transfer between 225 these groups, including phage-mediated gene transfer. Of particular interest to the 226 evolution of root nodule symbioses is the transfer of genes between Frankia and the 227 rhizobia and vice versa. It has been suggested that the nodA gene involved in Nod factor 228 synthesis evolved in the actinobacteria, including some Frankia, and was then 229 horizontally transferred to the rhizobia (Persson et al., 2015) . With type IV restriction 230 enzymes creating a barrier to horizontal transfer into actinobacteria from dam+ bacteria 231 including proteobacteria, this direction would be more likely than the reverse. 232
However, F. alni was observed to down-regulate its type IV mrr gene 233 substantially in symbiosis ( Figure 1 ). As roots contain much lower concentrations of 234 bacteriophage than the surrounding soil (Ward and Mahler, 1982) this likely represents a 235 decreased necessity for restriction enzymes as a defense mechanism during symbiosis. A 236 potential side-effect of this down-regulation, however, is that the barrier to horizontal 237 transfer posed by type IV enzymes is likely lowered during symbiosis, promoting 238 horizontal transfer to Frankia from other endophytic bacteria. 239 M. tuberculosis showed much lower transcription of its annotated type IV 240 methyladenine targeting restriction enzyme than other actinobacteria. M. tuberculosis 241 expresses an adenine methyltransferase in hypoxic conditions that regulates the 242 expression of genes likely involved with survival during macrophage infection (Shell et 243 al., 2013) . For this reason it is likely that M. tuberculosis responds to methylated DNA 244 differently than other actinobacteria, indeed electrotransformation of M. tuberculosis can be readily achieved with methylated plasmids replicated in E. coli DH5α (Pelicic et al., 246 1997 ), suggesting that methylated DNA is not digested in M. tuberculosis. 247
In this study plasmid pSA3 and its derivatives were capable of replication in F. 248
alni. This shows that the broad host-range origin is capable of replication in Frankia and 249 supports its use as a vector for the manipulation of Frankia spp. The parent plasmid of 250 pSA3, pIP501, replicates in a very broad range of bacteria including Streptomyces 251 lividans and E. coli (Kurenbach et al., 2003) indicating the potential for transformation of 252 additional actinobacteria with these plasmids. manipulation of Frankia will allow further experimentation into these and other distinctive molecular aspects of actinorhizal symbioses, which will, in turn, inform 289 analyses of the evolution of root nodule symbiosis. 290
Future Directions 291
Even in the absence of selection plasmid pIGSAF was found to be stable in F. 292
alni cultures for at least three weeks ( Figure 5 ) and cultures continued to fluoresce after 293 at least four weeks ( Figure 6 ). Three to four weeks is sufficient to nodulate F. alni hosts 294 
Materials and Methods 307

Restriction Enzyme Analysis 308
Genes annotated as restriction enzymes (Restriction enzyme types I, II, III, or IV) 309 present in the annotations of all completely sequenced actinobacterial genomes and their annotations were downloaded from the REBASE database (Roberts et al., 2010) . 311
Bacterial transcriptomes used in this study were downloaded from the NCBI GEO 312 database ( Supplementary Table 1 ). Transcriptomes were chosen based on the following 313 criteria: 1) transcriptomes were made from pure cultures in log-phase growth, 2) 314 organism did not have genetic manipulations including mutations or exogenous plasmids, ammonium chloride as a nitrogen source whereas (-)N media had no added nitrogen centrifuged at 10,000rpm for ten minutes in a tabletop microcentrifuge (model #5424, 333
Eppendorf, Hamburg, Germany), and re-suspended in 1mL fresh BAPP media. Cultures 334 were then homogenized by passage through a 21G needle six times, then homogenate 335 equivalent to 50ul packed-cell volume as measured after centrifugation was added to 4ml 336 of fresh media and incubated at 28°C without shaking. Cultures were routinely sub-337 cultured once per week. For selection of transformants, chloramphenicol was added to a 338 final concentration of 25µg/ml. 339
Frankia Transformation 340
F. alni cells were grown in culture for one week prior to transformation. Two 341 milliliters of growth media with hyphae was then pelleted as above and the pellet was re-342 suspended in 500µL of ice-cold deionized (DI) water that had been sterilized by 343 autoclaving. This was repeated two more times, but on the third round of centrifugation 344 the pellet was re-suspended in 300µL ice-cold sterile 10% glycerol instead. Hyphae in the 345 cell suspension were then homogenized by passage through a 21G needle twice. 346 300µL of the F. alni cell suspension was pipetted into an electroporation cuvette 347 with a 2mm gap (Molecular BioProducts Catalog #5520, San Diego, CA) and mixed with 348 10µg of plasmid DNA. The cuvette was then incubated on ice for five minutes. This process was repeated the following week for an additional round of selection. 364
DNA Extraction 365
Plasmids were purified from E. coli using a QIAprep® Spin Miniprep Kit 366 (Catalog #27106, Qiagen). Two milliliters of overnight cultures were pelleted at 367 13,000rpm for five minutes and used for extraction. Plasmids were resuspended in EB 368 buffer (Qiagen) and quantified on a NanoDrop Microvolume Spectrophotometer 369 (ThermoFisher). Plasmids were further purified by running on a 0.7% agarose gel and 370 extracted with a Zymoclean Gel DNA Recovery Kit (Catalog #11-300, Genesee 371 Scientific, San Diego, CA). To synthesize unmethylated plasmids, methylated plasmids 372 were first extracted from E. coli DH5α and transformed into E. coli GM48 by heat shock 373 in CaCl 2 (Sambrook et al., 1989 ) then cultured and re-extracted as above. 374
were then re-suspended in TE buffer and lysed with lysozyme, SDS, Proteinase K, and 377 CTAB. DNA was extracted with 24:1 chloroform:isoamyl alcohol, and 25:24:1 378 phenol:chloroform:isoamyl alcohol, washed with isopropanol followed by ethanol, 379 resuspended in 50ul TE buffer, and quantified by NanoDrop. The pIP501 origin of replication has been shown to replicate in bacteria of diverse phyla 386 including Firmicutes, from which it was originally isolated (Horodniceanu et al., 1976) , 387 as well as Actinobacteria and Proteobacteria (Kurenbach et al., 2003) . Plasmid pSA3 388 contains chloramphenicol and tetracycline resistance genes and an E. coli-specific origin 389 of replication for propagation (Dao and Ferretti, 1985) . 390 Table 2 , were designed using NCBI Primer-BLAST 391 with default settings (Ye et al., 2012) . For cloning, primers were designed with linkers 392 adding target restriction sites onto their 5' ends (Table 2) performed in a Bio-Rad S1000 Thermal Cycler (Bio-Rad, Hercules, CA) using a Qiagen amplified for 10 cycles using the annealing temperature of the region corresponding to 399 the binding site on the target DNA and then an additional 30 cycles using the annealing 400 temperature of the full primer including the linker (Table 2) . 401
Primers for PCR, listed in
The egfp fragment was synthesized with SalI and BamHI restriction sites on the 5' 402 and 3' ends, respectively, with primers EGFP_SalI_F and EGFP_BamHI_R. The PCR 403 product and plasmid pSA3 were then digested with both enzymes. The fragments were 404 purified on an agarose gel as above and then mixed together, denatured by heating for 405 five minutes at 65°C, and then ligated together by incubation with T4 ligase (catalog 406 #M0202S, Qiagen) at 16°C overnight. The resulting ligation was transformed into E. coli 407
DH5α by heat shock (Sambrook et al., 1989) . Transformants were selected on LB plates 408 with chloramphenicol at a final concentration of 25µg/ml. Transformed colonies were 409 inoculated into liquid LB media with chloramphenicol and cultured as above. Plasmid 410 pIGSAF was then re-extracted from transformed E. coli and its composition was 411 confirmed by digestion with SalI and BamHI as above. 412
The presence of plasmids pSA3 and pIGSAF electroporated into F. alni cultures 413 was confirmed with PCR. Genomic DNA was extracted and amplified with primers pairs 414 pSA3_Cm_F/pSA3_CmR for the chloramphenicol resistance gene of plasmid pSA3 and 415 GFP_qPCR_F/GFP_qPCR_R for the egfp gene of plasmid pIGSAF. PCR products were 416 separated on an agarose gel and extracted as above, and sequenced by the UCDNA 417
Sequencing Facility (Davis, CA). Sequences were compared by BLAST against gene 418 sequences obtained from the original plasmids ( Supplementary Table 2 ). 419
For the differential expression of egfp by nitrogen limitation under the control of 420 the nif cluster promoter region of F. alni ACN14a, plasmid pIGSAFnif was synthesized. 421
Ligation of the nif cluster promoter region to the coding region of egfp was carried out as 422 outlined in Figure 7B . The egfp coding region of pDiGc was amplified without the 423 upstream promoter region using primers GFP_CDS_EcoRI_F and GFP_CDS_SalI_R 424 (Table 2 ). An EcoRI restriction site was added before the start codon and a SalI site was 425 added 200 bases downstream of the stop codon. Separately, the 300 bases upstream of the 426 nif nitrogenase cluster in the F. alni ACN14a genome were amplified with an XbaI site 427 upstream and an EcoRI site downstream using primers nif_promoter_XbaI_F and 428 nif_promoter_EcoRI_R ( Table 2 ). These two PCR products were digested with EcoRI 429 (catalog #R0101S, New England Biolabs) and ligated together. The ligation product was 430 then re-amplified by PCR using the nif promoter forward primer and the egfp reverse 431 primer. The amplified ligation product and plasmid pSA3 were then each digested with 432 SalI and XbaI, ligated together, transformed, and selected on chloramphenicol as above. infC_qPCR_F/infC_qPCR_R, and gfp_qPCR_F/gfp_qPCR_R (Table 1) . egfp and nifH 453 were used as experimental targets to confirm differential regulation of egfp by nitrogen 454 limitation; housekeeping gene infC was used for normalization as in Alloisio et al. 455
(2010); and sigma factor gene rpoD was used as a negative control. 456
Confocal Microscopy 457
For visualization of hyphae and GFP fluorescence, Frankia cells were grown 458 either in (+)N or (-)N BAPP medium as above and immobilized on glass slides with a 459 drop of 3% molten agarose solution: 1.5g molecular biology-grade agarose (catalog 460 #A9539, Sigma, St. Louis, MO) was dissolved in 50ml DI H 2 O and kept warm in a water 461 bath at 50°C. Slides were pre-heated on a slide warmer (Fisher) at 50°C. Then 15ul of 462
Frankia hyphae were pipetted onto each slide and covered with 35ul of 3% molten SP8 STED 3X confocal microscope with a 100X oil-immersion objective and a HyD 466 detector. For fluorescence imaging, samples were excited with 488nm light. The emission 467 wavelengths were collected from 500-550nm. Images were stored as .lif files from Leica 468 LAS X and then viewed in FIJI (Schindelin et al., 2012) . To visualize hyphal three-469 dimensional structure, Z-stack images were taken and then combined using the highest 470 fluorescent intensity of each pixel (FIJI MAX setting). 471
Plasmid Stability 472
In order to test the persistence of a plasmid in transformed F. alni, cultures 473 containing plasmid pIGSAF were grown without selection in non-selective media lacking 474 chloramphenicol. The cells were first pelleted and re-suspended in fresh BAPP media, 475 then sub-cultured as above without the addition of chloramphenicol to the media. These 476 cultures were grown in six-well plates as above for one week. At that time each culture 477 was pelleted and re-suspended in 500ul fresh BAPP media. This suspension was 478 homogenized by passage through a 21G needle twice. 250ul of the homogenate was 479 transferred to fresh BAPP media without chloramphenicol and the remaining 250ul was 480 used for total genomic DNA extraction as above. This process was repeated once per 481
week for four weeks. The amount of plasmid in each sample was quantified by qPCR, 482 performed in duplicate for each of three biological replicates, using egfp primers 483
GFP_qPCR_F and GFP_qPCR_R (Table 2) . Relative fold-change of plasmid between 484 each time point was calculated using the ΔΔCt method (Lee et al., 2006) with the infC 485 gene as a control to normalize the amount of DNA in each sample (amplified with 486 primers infC_qPCR_F and infC_qPCR_R, Table 1 ). To determine significant changes in values calculated (p<.05). Cultures grown with selection and without selection for four 489 weeks were also imaged with fluorescence as above. PCR products for cloning were amplified by amplification at a lower initial temperature 723 to allow the incorporation of additional restriction sites on the 5' end of the primers 724 (shown in red and blue). The annealing temperature was then increased to amplify full-725 length products with the added restriction sites. B) Addition of the F. alni ACN14a nif 726 cluster promoter region to the egfp coding sequence. Both the promoter region and egfp 727 coding sequence were amplified with EcoRI sites (blue). These were then digested and 728 ligated together followed by amplification of the ligation product. Restriction sites on the 729 ends (red and green) were digested, allowing incorporation of the nif promoter:egfp 730 product into the digested plasmid. 731 Table 1 qPCR verification of differential regulation of egfp in (+)N and (-)N media. 732 qPCR tested fold-change of egfp as well as nifH as a nitrogen-fixation positive control 733 and rpoD as a housekeeping negative control.
